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EUSnC SCATTERING OF DSUTK’^.ONS FROM 



by 



David Warren Berger 
and 

Ollie Joseph Loper 



Submitted to tho Dopartment of Physics on Kay 21, 1956 in partial 
fulfillnicnt of the roq'alremonts for the degree of I-iaster of Science, 



ABSTRACT 

The differential cross section for the elastic scattering of 
deuterons from 0^6 vas measured in the deuteron energy range U.590 
to 7.196 Mev at 130 degrees and frca 5.uh9 to 6.315 Mev at 90 de- 
grees. 



The absolute cross section was detorroined by ccanparison with 
the known Ol6(pjp)ol6 cross section. 

The error of the cross section was conputed to be 5 per- 
cent (standard deviation) at 130 degrees and ^ 10 percent^C standard 
derviation) at the 90-degroe angle, ” 

As would bo expected at this bombarding energy, it has been 
clearly shown that the cross sections do not follow the Rutherford 
scattering law but do show narked overlapping resonance structiire. 

The data were obtained using the KIT-0I4R electrostatic gene- 
rator and the broad-range magnetic spectrograph, 

A scintillation counter constructed by the authors was used 
to record the scattered deuterons. 

Tho response characteristics of a CsI(Tl) crystal were 
measured for alpha particles, protons, and deuterons, 

A comparison irLth the 0^^(d,a)M^ yield is made. 
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I. imorucTioH 



Tija ccapound msleuo, Isas been imrootigated pitjvlously by- 

several reactions iitirolving deutcrons inddeut cai Cp-^. Tiae highest 
excitation i-^ached in recent work is 10,? iVsv by Stratton ot al (ul) 
wlxj obtained the absolute cross peotiorij snr? f»xcitation funotioiK for 
0^^(d,p)0^*^ ard 0^^(d,p)0^”^*, Theso sane reaotioiis l»ve also been 
observed by Hsyderiburg «uid Inglis (in) up to an excitation of lO.li 
IJbv, The yield of firoR the reaction Cp-^(d^n)r^^ has beoxi obtair*ed 
by Ifousoa (!IL) a;\d Bonner (Bi>) up to an eoccibation of 11,9 I»ov, 15ew- 
oon coixladed tbjat the coulomb barrier hoight for 0^^ + d was 3,1 Hev, 
ft^viouo reliable iovol assi^nwRnto are ^*ivon to lO.J-Ifev 
excitation in (Al), 

brovEsa (33) (r«!,) has exanined tl» reaction cA^(d,a)I^ and also 
(P-^(d,c)n^^' fx’or.. Rti excitation of li.n to lu,2 Kev, obtaining the 
yiolu of alph,. .articles froii tlie greiu>-» ctato, fij^at excited state, 
and seoonl axcitod ets,t« of wiicre tiia i^eoction leading to the 
first exoited state in is iorbldden on the basis of isobario 
spiij-solbction rules, since this level in has T » 1 (Al, p, 125). 
This reaction leads to the j. eruption of tliC ca...c conpeund nucleue 
S3 ths reaction 0“^‘(d,d)i:P-^, 

The reactions 0^^(d,c)N^, 0^*^(d,d)0^^, and ll^(a,c)N^ 

Ijiv-olvc only pai'ticlcs cf soro intrinoia isobar ic cpin, and hence 
will excite only thos© levels in tliat have icobaric spin (T *• 0) 
and not levels with ? « 1, provided thut tho isobaric spin-scloctton 
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rvdes hold, Isobwrlo spin selection, thereior©, provides s weans 
of Boleotively exciting levels it is valid. 

The (d,c) data (Bit), Fi ure 5 , do not show discrete level 
atrueturo but apoarentl^ show dense overlapping levels in this re- 
gion of excitation. It is the mrpose of the present c:^Qri8ient 
to use tho elastic scsttering of doutcrons fren q16 

to iiwestigate 

tho level structure of in tha region of excitation covered by 
Browne and then to continue tho investigation down to a lower ex- 
citation through the transition region where dense overlapping levol 
stmoturo is roeolvod into well-dcfinod isolated levels wliere it is 
possible tc dotomine level spacing, width, and excitation. 

It is hoped to determine aasj' correlation between tha reson- 
ances of tiie (djc) data and tho (d,d) data. 
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II. sxpyWirjfTAL 

EQui.i-orr A® mocmsKE 

Tho d*t» were obtained using the ?4IT-OK7? Van de Graaff gene- 
rator, The generator ie a vertical machine that operates in tho 
voltage range of about I4 to 8 Kev, Tlie bean is deflected to the 
horisontal plane by a defloctins zaagrxjt of radius 60,5l cr.. The 
beam is defined at the entrance and exit of Uie deflectin,* magnet 
pairs of slits of 1 r® and | m aperture, respectively. These 
apertures, for constant ma^pietic field in the deflecting menot, 
limit the incident beam energy spread to ^ 0,10 percent. The exit 
slits are insulated and connected to a voltage stabilizing device 
that controls a corona dicoharge to tJie generator terminal, 

A hmogeneous her® of deuterons vas scattered from a thin 
Si02 (on Foirwar) target, and tho elastic deuterons frera 0^^ were 
cotinted a scintillation ocuntcr mounted at a fljced radius 
(51*36 o») in the broad-range magnetic s'^ectrograch (31), The 
ragnctic sneotrograt^ slit system dotomines the solid ar^jle of 
observation, which is 3,6 x 10~^ steradians ^ 10 percent for a 
radius of 51.36 cm. The solid angle is constant in the laboratory 
system for all spectrograr^ angles, provided that th® illuminated 
target spot is loss than 2 m in greatest dljaenslon, Tiio total beam 
current incident on the target is measured by an electronic current 
integrator (E2) connected to a Faraday cage in the scattering cham- 
ber. 
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The energy of the deutcron beaai is varied by adjustmoixt of 
the magnetic field of tho deflecting magnet, which, by means of the 
voltage stabiliaing device, changes the generator voltage to Main- 
tain the new energy beam on the target. The incident energy was 
varied in approxisiately 20-kov steps (2^ kes on the ruclear mag- 
tastlc resonance flxixtacter). 

The windings in the deflecting magnet and spectrograph are 
supplied by a stabilised three-phase rectifier circuit that holds 
the field constant to 1 part in 100,000 (B2), The resultant fields 
are measured by nuclear magnotic rosoiifaioe fluxmeters. 

With the spectrograph at a fixed angle in the laboratory 
system, the magnetic field was adjusted to keep the 0^^ elastic 
deuteron group cantered on the scintillation crystal for each input 
energy. 

Haw data of "number of elastic deuterons incident on the 
crystal per Wfi microcoulcmbs of incident dcutoron beam on target" 
were obtained versus Bp (input) for the range h31»9h to 5U8,56 
kilogauss-centimeters, was chosen euch that the yield obtained 
had a standard deviation less than 5 percent, assuming a Poisson 
distribution. To reduce the yield data to an absolute cross sec- 
tion, the yield of elastic deuterons was measvired relative to the 
yield of elastic protons for two points on the 130-degree curve. 

The absolute cross section for 0^^(p,p is known from the work 
of Eppling (El), The cojaparison of relative yields was made, using 
nuclear brack plates in place of tlx; scintillation coiinter in the 
magnetic spectrograoh. 
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Critical points on thQ yield cur’/o <and t}is ratio of yields 
between 90- and 130-dogree curres were also eJaeoked usiri ^ nuclear 
track elates, Iline ovorlapoing runs were made usin^: several lit- 
and 2'i-kev tiiick targets at 130 de-'^rees. Another run at 50 degrees, 
laboratory angle, was nade, and the results plotted to the same 
relative scale for direct comparison of yields and resonances. 

Figure 3 displays the data as centcr-of-iaass cross section 
versus Bp with all data points shown. Figure ]+ displays the avor- 
age 130-degrae cross section and 90-degree cross section in labora- 
tory coordinates with Buthorford cross sections shown for coxipari- 
son. 



JuKi 

The targets were Si02 on Formvar, Following a prooedxire sug- 
gested ky Dr, C. K, Bockelman of Yale, Si02 la the foitj of quarts 
ciystals was placed in a tantalun receptacle between electrodes 
and heated in a vacuusi, A thin fHia of Si02 was uniiormly evapo- 
rated on several layers of Forsavar, Targets of various thicknesses 
were laade in order to obtain a good coiaprcsiiEe between resolution 
and counting rate. 

The meas^a'ed thickness of each target and the syiabols used 
for data obtained frea then on Figure 3 are tabulated below. The 
thickness shown is obtained by Keaswlng tiie peak width at one-half 
the maxinuia psalc height, for the peaks on the nuclear track plates. 
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rrcci tho known disporsicn (Zl) end the quantities nieasured on the 



partioxilar peak, the thickness in kev was easily detcrriined, 

TABLZ I 

Tarfi:et Thickness (kev) Symbol on Figure 3. 
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III. TIIE CXCTSn SYSTEf4 AND ITS CHAnACT'OrvIDTICS 



As usfid In this e3q>erisKntf the counter included: 

1, The brcjtei-rangc magnetic epectrograph. 

2, The counter iVane, which consists of 

(*) A 6199 HCA Multiplier phototxibe operated at 
»$00 volts with mu~s£tal ^ield. 

(b) A polished CsI(Tl) crystal 10 x 10 x 0.3 
Ml l IAstetera glued to the 6199 tube with araldite. 

( 0 ) A lead shield* 

3, A pulse aEplifior and preanpliiior, Kodol 100 (S3). 
U. Two pulse counters, scale of 6h with built-in dis- 

crlainators. Model 201 (E3). 

A cathodc-r«y ^mciiroscope, 

6. Kegulated DC (negative) power supply, -I 45 O to -2000 
volts (photoailtipller bias). 

7, Target clauaber evurrent integrator (22) with Faraday 

cage. 

The mgnstie s;)ectrograph permits momentua selection of any 

desirod reaction particle group at the fixed radius of tbs counter. 

Ills spectrograph is "tuned” for a particular £(p by a nuclear laag- 

netic resonance flxucneter. The spectrograph radius calibration is 

7 

such tliat Bp is proportional to the Id. or proton larmor frequency 
in the fluxaeters. Later, the frequeiay, cr Ep, width of the ccun- 
ter crystal aperture will be discussed. 
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In omotic®, depending upcjn the target und beam constituents, 
it is possible to have Binultaneousl^^ alpha-particlo, proton, and 
deuteron groups of the cane Bp irnident on tl» counter crystal* Thus, 
further method 3 of disoririlnatton arc necessary, Iiowevcr, the woanea- 
tun selection of the spectrograph oonsidorably sinplifie# particle 
identification and jrakes precision pulse height disori®ination equip- 
went urtneoessary. 

By using a suitable target, it is only nooessary to bo able 
to separate alpha^partiole, proton, and deuteron groups of equal Bp 
and know or ellainato background, such a® gaaaaa pulsos (u* randoo 
wultlplier phototube "noise," 

The counter frem, construotod for this experiment eerves as 
a support for the lead shield of 3-ca average thidenoso and about 3n 
gocraotry relative to the cesium-iodide crystal. Before the lead 
ehield was used, garsna backgroiuid was a source of error in counting 
difficult to detemine, because it depends on total bean current 
rather than integratesd current through the target, With the lead 
shield, dense cawma pulse height was less than 30 percent of deuteron 
pulse height at tlio lowest bean energy used, 

rho characteriotico of the cositaa-iodido ciyntal (ao mounted 
on the 6199 ?-CA mltlplior phototube ) arc shewn in Figure 1, These 
data were obtained by boobarding a tliick (1 »aa) gold target with 
alpha particles, protons, and deut crons. This thlcV: target gave a 
continuous range of particle morionta from about zero to a riaxisrun 
value determined by the input energy. By varying the spectrograph 
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field, different sioraenta particles are allowed to hit the scintHla- 
tioa crystal. The resulting psilce® ar© obserrod in tl» cathode-ray 
t^jTwhroscope, anc! t^vatr height vas rtsasured by the scale on the 
oatbode-ray tube for each input Bp, 

Since the crystal apertin^ ir finite (8 jrst), the pilses are 
not truly monoenergetie, but this effect If f?nall emparod vdth the 
uncertainty of laeasurod pulse hoights, 3y counting the number of 
pulses per »icroooulcF*b of incident beam versus Bp, the edge of the 
thick gold target particle distribution waB determintsd, and from this 
Bp, the nean trajoctoiy radius for the counter aperture was deter- 
nined. 

At tlie location of the counter in the soeotrograph, the dis- 
persion (Zl) l«i 

I s ' 

dx refers to diEtance along tlia nuclear track plates usually used 
in the spcctrcgr&ph. 

The counter crystal is approximately pcrpendioxilar to the 
particloB’ trajcctoryj iience, 

d8(crystal) - — - p - , (Eq, 2) 

where 2,228 is the liAgailicaticn caused by plate inclimtion (21) 
or 

key 
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(hq. 3) 
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sx^uivalent exproaaians arc, for tirio counter (ds ■ 8 ran): 
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vdior* Af/f refers to the frequency of the moleiar mgnetic resonance 
flujasetor of the spectrograph. 

The Unite width of the counter aperture is necessary to in- 
sure that all the oarticlos of the froup being ooimted fall on the 
crystal. This was frequently checked by holding a constant input 
bean energy on the target and varying the spectrograph field to 
sweep the group across the crystal} a typical result is shown on 
Figure 2, The difference between the calcxilated and measured crystal 
width in units of Bp is caused by (1) finite target thlctosss, and 
(2) bean inhcxaogeneity, which is a fraction of one-half or less ttian 
target thickness, 

Frcn the above, two additional Methods of discrimination are 
available i 



other partlclGS, 

2, The shape of the nonentxaa dlstrifcwtion, 

?tothod (1) is by far sore sensitive, but is diffictilt when 



1, Pulse height discrlnination between deuterons and 



aopliod to separate douterons aixl alpha particles, because of the 
snail diffei*»nce in pulse height, as seen in Fi,'we 1, Jlowover, from 
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malear trask plato data, the alpha yield, coimidont with the 
6^^(d,d)0^^ elastic croup, is lose than 0,5 percent for the t«rEcts 
used. Figure 2 shows a typical racaentuBi distribution for a oingle 
group of particle E incident on the crystal. 

In practice, data wore taken hy adjusting the spectrograph 
field to center the elastic deutoron group on the crystal arid then 
setting the discriiainators on the two pulse counters, such that 
counter Ho, 1 read douteron and proton counts, but no gama count, 
and counter Tk>, 2 road only pi’oton counts. 

The disorirtinators were set by obeorring pulso height on the 
synahroscooe after a proper choice of acmlifier gain. The disorirai- 
iretor of co^ontcr !k>, 1 was modified to trigger the Bynchroscopo only 
when pulses are counted, thus facilitating nmking discriminator 
cattin’S, With prooer discrininator sattliigs, re«ldual grroia back- 
ground was loso than 0,5 poroent and was therefor© neglected. 

The Faradsy cage used consists of an inner and cuter cup, the 
outer cup being biasewi at -300 volts to repress secondary olootrons. 
The oiiTTcnt to the outer cup was monitcred and found to be 
directly proportional (1 percent) to the indicated bean current 
over a wide range of bean currents. The indicated BicrocoviloHib 
exposure was therefore not absolute, but for all data taken is 
consistent to the accuracy of the electronic current integrator, 
which is 0,li percent (S2), 
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Countiuc losses are considered neglicible, since the mxiiKum 
overage countinfr rate nsrer exceeded 20 counts per second with a 
pulse width of 2 nicroseconds. 
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17. Ri'DUCTIOW Oi' liAXiv 



SUK>1AT.Y OF LKTA 

Tlie da.tA consxstod oi tina ioHowliigt 

1. tiins overlapping sets oi counter yield data, 
counto/«icrocoulo«b versus (Bp) of the deuteron beara at 130 de- 
grees In the laboratory systesia, 

2. fJuolear track plate Ifc. 1330 with nine deutejron 
peaks at various (Bp)*8 in the labor atoiy eyeteift, using target 
Si02 No. 1, The angle of observation was 130 degrees, 

3. 0x>e sot of counter yield data, counts/nicro- 
coxilonb versus (Bp) at 9C-dogree angle of observaticn in the 
laboratory ^stom. 

ii, liuclear track plate data used to detemino ab- 
solute cross sections , tiiesc data are isliown in Table II, Tno 
peaks on ti\e nuclear track plates used to ucten-iine croos soctionB 
wei'o all placed at tlie distarice on thu laiclear track plates 
to olimiruite variation of solid aiiijlc, since laboratory solid 
angle is a function of spectrograph radius, 

f^ductaoii oF yield data 

Tlie data in itecss ttos, 1 and 2 above wei'e taken at different 
tisies and, thus, had to be normalised to each otijer, since it was 
not always txxssiblo to ctiplicate target placoracnt in the scattering 
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Orke sot of yield dEta, using target F, covered the entire 
range of (Bp) without Bovlns ths terget, although it was necessary 
to leavG gaps in the yield data to cover this reaige in ono rvxx. 
This run waa taken as the basis for normaIl:ting the regaining data 
at 130 dorroeo, 

liorwalination to tho above was cccoirolishcd by on integra- 
tion process, after first redxxing each run to a cowion nioro- 
couloib oicpooui’c, /JJ. tho poiiitc in con::y3n with the nornalinitig 
run Mere sursoed end then divided into the coi’resijonding susi of th.e 
nomallslag I’un, Tb±3 ratixi is the aoirialisini,; constant , fach 
point of th^ run wac then rsiltiplicd the nor.'aliaing factor nnd 
plotted. 

For tiic average laboratory ^stoss cruss-soction curve, Fig- 
uro (Appendix I), all points at e given input (Bp) Jiavt; been 
averaged and tisc standard devotion cor-.puted by; 



cr » y/ F (Xi - x)2 

n - 1 i 



(Eq. 1) 



oxeept when n ■ 1; then: 

<r “ ( v/yiol3) X (norrnliaing factor), 

and when n «> 2 s 
c* . (^). 



(Eq, 2) 
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For mst points, ny 3 
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The oouritor jicld data at *■ i-0 was obtaired in 



ono run at 50 ciicrocouloirij oxpocui’e per point ] tionce, no eelf- 
aornalizatioii was necessary. It is, however, hecessaiy to norrsalia© 
the ^degree laboratoiy system data to the 130-degree laboratory 
system data. This was acconplislied by the data of plat® So, 1502. 
From this plats, the ratio of lc*boratory crocs eetion Isj 

, . (5,Ua9 Kov, 90°) liC2 + 20.5 

±S2 — - « « 0.211 5 ’^•roent, 

f l^(S.Ui9 !tov, 130°) 1006 *,13.7 " , 

Tide ratio c«n be checked by ccu’Tt*'r data ac follows, where 
Tabic III is ccropored of data from counter runs at the arglos and 
energies ehown. 




TAB’l’ III 

/Ingle L^uteron 



of 

Obs, 


Tfirget 


Target 

Angle 


Yiald 

Counts 


•,^’«oocura 

t*c 


(i4ev) 


130 ® 


r 


'?ro 

o> 


653 


20 


S.UU9 


50® 


c 


-15® 


L3l 


50 


5.Ui5 



Tlie factor tc correct yield of target C f^oja -i;5 to 25 de- 



grees iC! 



QOS 

C03 ( 250 ) 



0,7012. 



(^q. 5) 



The 5C*-ccgrtJo yield corrected for target rotation • 340 



counts, Then, 
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0,203 +6,7 percent. 



(Eq, 6) 



An aver&£G of t^seo independent det^roinations gives t 



f Wer, ?0°) 

^ l*l,(S.Ui9 y^, 13CP) 



« 0.210 ^ Ij percent. 



(Sq. 7) 



It Is also desirable to know this ratio in the center-of-Kass 
sjrsten, which follows froiai 



^ *Ub' ^°°> . i_L 



,ab 90® 



dco \ 

dTiJpo® 






(0,210) (|^^) - 0,178 + ii percent 



(Eq, 8) 



where dci^ the solid angle in the Isboratoiy ^stm, is oonstant. 



CROSS-SECTION DETERHIKATION 

The absolute cross section was determined at two points on 
the 130-degre© laboratory system yield curve by owaoaring the 
0^^(d,d) yield with tha C^^(p,p) yield, for which ths absolute 
cross soction is known (El), 
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TIm! data fron Eppllnfj (El) that was used ie sumariaed in 
Tablo IV t 



TA3IJG IV 

Cp-^(p,p)0^^ Cross Sections 



in Hev 


S 

mii- 

barns/ 

fteradian 


®CM 


®lab 


w lab 
Hillt- 
barns/ 
Storadlan 


2,999 


95.0*^ 


125.30° 


122.25° 


38.9 


2.999 


93,0* 


131t.Ui° 


131.71° 


85.3 



*+ 1 percent 



Tho following relation was used to detej?nine the contcr-of- 
Kass cross section of the cP-^(d,d)Cp-^ data in nillibarns/storadiant 



«d) 





^d 

Kp ^ 



a/\cM^®d5 



(Eq, 9 ) 



where % is tha yield of deuterons for intccp'ated current through 
the target. 

The factor (Zv^g'*’) arises, since a swlecular l^drogen beam 
was used to get a proton energy in the range of Eppling's data, 

^2“^, the integrated bean current, is subject to error from 
deuteron contamination of tlie been. This iiae been moasured by 
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n ^ ^ 

obsBrving tho yield oi 0^ (d,d) at the energy of tite Hg bean 
(raiclear track plats tfo. lU99)j by conputation, a fi^o of 9 
percent contastinatlon has been found (Appendix II). 

This figure is at one hour after turnin*; off the dcuteriua 
flow in tliG goMrator souroo. Since this eontaiaination can be ox- 
oGctcd to aonroach sero after a sufficient length of tijae has 
elapsed, we haro asstenedt 

Qu • 0,0ii5) + 5 percent, (Eq. 10) 

‘^2 (actual) 2 (ineiimired) ” 

When yields at different angles are to b« detemined, it is 
necessary to bring the scattering chamber pressure to atraospherio 
in order to rotate the ^ctrocraph. It has been noted that this 
increases the osQrgon content of tho target about 10 percent. 
Hence, a relative yield dctcrroinatlon imst be a man of several 
dotenslimtion s, A laethod of avoiding this that has been usod 
consists of assuming Eppling's data for 131a71 degrees in the 
laboratory cyst^ in equivalent to 130 degrees laboratory system, 
and this assumption has been used in obtaining tto yield compari- 
sons on nuclear track plates Nos, lh99 and 1500, The nuclear 
track olate t'lo, 1501, however, was exoosed at 122,25 degrees, lab- 
oratory aiigle, for the proton yield data to check the above assump- 
tion, and no significant difference was noted, except the effect 
of increasing ojygon in tho target noted above, Tliis averages out 
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to whsi first order, bocauso tho followijijj ©Jtrjo^uro was 

used for plate w. 1^01: 

1, Zot)6 30, 0^^(d,d) at 130 dosjreos 
2* Open targot ahsuviber, 

3. Sons iiO, 0^^(p,p) St 122,25 doproos 

it. Open target ohanber 

5, 2one 50, 0^^(d,d) at 130 degreea. 

The results of the cross-section detenriinatioa ere shown 
below in Table Vt 



TABLE 



"^lab 
in Kev 


%ab 


6.203 


130° 


6.203 


130® 


6.203 


130® 


6.203 


130® 


SM9 


130® 



The average center-oi-Eaiss 
degree angle of observation isj 



V 




Plate and 



rib/ster. 


Zone Jiisbcr 


lit.35 


lii95 


iit.OO 


1500 


13«it0 


1501, Zone 50 


llt.^ 


1501, Zone 30 


55.35 


1500 



cross section at 6.203 Hov and 130- 



^ * ^'* 203 , • 130 ®) 



lii.l jiiiliibarns/steradisn, 
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Using this value and the relative yield £or • 5,hh9 Hev, 

wo get 

Jfev) " 57.6 wllllbarns/fsteradian 

which ia in good agroenent with 59.35 niillibarns/oter&clian in 
Table V. 

Assr.jL>aing a '^isoon distribution in ccunting aJtid knowing the 
uncertainty in the integrated Hg'*’ bean, we assign a stardard devia- 
tion of ^ 0.7 laillibarns/storadian to the above value of lii.l 
inilllharns/steradian. 

The yield of deuterona at &]Lab * degrees, « 6.203 
averaged over four runs is 2lt,5 U counts for target F with 20 
nicrocoulcanb ojqposure. Honoe, thia is equivalent to ll 4 ,l ♦ 0.7 
aillibams per steradian; or the scale in the yield curves in the 
conter-of-ri^iss syeten Ic: 

17h.O counts « 10 jallllbarxis/flterartian + 5 percent, 
and in the laboratory systen iat 

207 counts ■ 10 laillibarns/ateradian + $ percent. 



Emm DETi-^nj-rimTiow 

The TMf'netic <»T>sotrograph has boon ca3.ibrated relative to 
polonliua alpha particles. The calibration of the dell ec ting inagnet 
has been detemined relative to the n&gaetic snectregraph, and a 
radius of 6o,5l cn was assigmd. 
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Tho energy detcmlmtlon in this exporlnont denonds on the 
calibration of the defleotins wagnet, since the finite counter aper- 
t^a*e preoltsdes usin«' too s^otrograph to noasxa'e energies* Experi- 
ence ■with tho doflocttng rngpiot indicates tho precision of the de- 
flecting nagact Is 0*1 percent, 

Tho v*valucsof three excited levels of by a Si^^(d,p)Si^^ 
reaction iiave been jweaaured. The g-values were comjftitod, using tho 
beam energy as detemlned by the deflecting magnet. Tljc values that 
wore deterained at ■ 6,203 agree within p ^ev with reported 
values, which had an uncertainty of 6 kev, and Indicates that the 
deflecting sagnet calibration has not changed. Therefore, wo adopt 
6 kov/6,2 Mev, which is about 0*1 po 2 *cent as the precision of beam 
energy determination. 

Examination of the centcr-of-mass oross-soction curve shows 
that tho t>eekB of resonances observed are displaced as much as 0,92 
kilogauss-centlMotors, whiesh at hSO kilcgauss-centianters is 20 kerv, 
and at S$0 kilogsuss-contiaeters is 25 kev. This effect can be at- 
tributed nri^aril;^' to differences In thickness of the various tar- 
gets used ar.d deflecting mgnet hs'ctoresis. The thick targets tend 
to average over rapid variations in yield. Therefore, tho cross- 
aoction curves are drawn to confom to thin target pcitits, arri we 
adopt ^ 10 kev as the standard deviation of resonance energies ob- 
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0/ 13ATA RwSUCTION A!fi) ’aTBOi^, DLT,...i 



The ebsoluto cross sections of the 130-dogreo yield curves 
are given 



I7I1 coxmts ** 10 laillibarna/sfceradiaa ^ percent in conter-of-tJiaBS 
^otenj 

207 counts » 10 aillibarns/storadien + 5 percent in the laboratory 
system. 



The ratio of the 90-degrc« yield curve to the UO-degreo 
carve is 0,210 ^ i; psreent in tho conter^of-mess ^stoa and 0,176 
+ li pfircont in the laboratory system. 

The 130- and 90-degree curves are sclf-oons latent to the ex- 
perimental en*ors disnlayed on the graphs. 

For snail gtOTTifise ohangoa in beam onorgy, as usod in this 
c.'q3oriaont, energy difforenoos are knci-m to loss than 0.1 percent, 
Tho absoluto error is about 0*15 percent. 

In resoixmce energy datenrdnalions, have adopted a atanci- 
ard deviation of + 10 kov for tlie range of excitation studied. 
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The absolute cross section f.or ths reaction 0^^(c,d)C^^ at 
130~de>Teo ani,lc of obc©rva.ticn has teen determired over the rsiv;:e 
of deuttron bombarding energies frar. i»5S'0 to 7.1p6 Kev, or 11,603- 
to 13,517 -?'bv excitation in the c<»r'aund mcl'nic and at 90-degree 
angle of observation fron « ^,ldi9 to 6,315 ^5nv•, 

The crcEc-eccticn curves, Figtarcs 3 arni h, display eight 
rsaxlma, vrhich are tabulated in Table 77, These peaks are super- 
iiapcsod on a bech-preond that lias tho appearance of a broad resorsance 
pealxd at - 9,3 Kev with an cstijnated width of ?30 kev, T:«j fact 
that structure is obeerved iua tiie yiclc curv»'. ir indicativ'e cf con- 
pouivl mclous effects. At b‘d « $,h91 a <'hixrp jUicreasa jn yield 
was observed, while using a target of 12-kcnr thickness, and aruat be 
regarded as an unfjxplainad ccuntlaig anoj^aly, Sines thin in tho orily 
"aiKoaly" observed, the cross sectioiis are corjsictcrcd to show all 
resona*poo phmvmim in this region cf s;-:citation cf v.ith & rose- 
lution of 20 kev, .because points were ta*:cn about 20-kev apart, tiss 
net resolution ir eoucidsred to b© IiO kev. 

If a bread rcncnfince cxirt" at about. • 3,5 w© can 
ectinate ths widths of tho peaks pupcriinoncd on this resonance by 
fb'avflnp an overaro curve along ths bAno of ths T-aaks, as shown in 
rigiu‘e 6, By tliis pi-ocess, peak widths Iwivo boon ortliuated for 
each of the eight ina;dJE.sa obsorvod. The so are Ghca.’n in Table VI, 
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TABIE VI 

CtoBcrvod Maxina in 0^^(d,d)0^^ Cross Sections 



130® Laboratory Angle 90® Laboratory Angle 



Beak 

fh. 


(Bp) 

kg-C3n. 


li©V 

^ 10 kc7 


Exci- 

tation 

in 

I'JOV 


r 

(Kst) 

kov 


^d 

(Bp) Kev 

kg-cm, + 10 kev 


JSxci- 

tation 

in 

^k!V 


1 


UiS.SO 


1*.756 


11.751 


60 






2 


I460.93 


5.031* 


12.01*2 


25 






3 


i 48 ii .56 


5.6L7« 


12.516 


136 






U 


U91.15 


5.771 


12.653 


31* 


1*91.88 5.788 


12.668 


5 


501.1*9 


6,088 


12,931* 


1*1* 






6 


517.29 


6,1*01 


13.212 


90 






7 


523.95 


6.566 


13.359 


85 






8 


530.61* 


6.735 


13,509 


62 










*+20 kev 






**not apparent 
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A broad rasonanoe, oa s\iggosted by an ararage curve (Fig- 
ure 6), Is sisdiar to the broad resonances in neutron oross seotions 
calculated by Feshbach, Porter, and Weisskopf for the "Clout^ Crys- 
tal Ball Model.” 

Alteniatively, the '‘background” nay be the result of a dense 
level atraoturc In the conpound mcleus, such that the observed 
effect is a randoja conbination of different angulia* distributions 
vhero csrtain levels have been enpUasiaed by this reaction. For 
this interpretation, tho data are insxifflcient to verify single 
levels or to assign lovel widths or apaoings. 

The shape of the yield curve at S^O-degroe angle of observa- 
tion also suggeato a broad level, peaked at % • S#7 Mev with an 
estiaated width P • UiO kcv. The poak number U also appears on 
this background, and its octimatod width agrees at ti^e two angles 
of observation. 

I'urtiier data at other angles of observation end for compet- 
ing reactions in this range of excitation would bt? deair able to 
verify the resonance structure observed. This is particularly 
laportant In tho region of poak number 1 where the shape of the 
cross section suggests interforonoe phenomena for a single level. 

In particular, angular distribution data or, equivalently, the 
integrated cross section would resolve the querstion of denso versus 
resolvable level structure and permit definite energy-level assign- 
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Tho narked decrease in cross section at p(>-d©gree angle of 
observation (57*2li®) cont©r-of-siass 03 ?stera suggests that the cross 
section iaay bo syisrietric about pO degraos, center of jaassj however, 
as noted above, further work is mcessary to verify this. 

The data of jBrowne for the (d,a) reaction (B3)(Bli) in Figure 
5 show a pronounced asymraetrio rsadrara pasked at % • 6,370 li&v, or 
13.182-Mav axoltation, which ia within 30 kev of peal-: nuraber 6 of 
the (d,d) data, liwee peaks laay represent the sane level in 
The 30-kev separation may uo due to tl:;e difference in angles of 
observation; 3C degrees for the (d,o) reactions and 130 degrees 
for the (d,d) scattering. If the (cl, a) daua were integrated over 
the three alpha-particle groups observed, this peak would shift in 
the proper direction to lower the 30-kev difference. 

If this re^nance in tlic (d,c) data and tine present work is 
actually an isolated level in then it is probably a T » 0 
level. 

In passing, ono other relation botwoon the C^^(d,a)ff^ and 
the 0^^(d,d)0^^ reactions should be noted. At » 6,222 Kev, the 
ninimua of the 0"‘‘°(d,d)0'‘‘^ yield corresponds to a broad isaxliauia in 
the alpha yield to tte first excited state in (which is a T ■ 1 
state (Al)) and an irregularity in the broad inaxiaaua of the alpha 
yield going to the ground state of (which is a T • 0 state (A3,))» 
However, because of dil'ferent angles of observation and unknown an- 
gulcr dopemonoe of the cross section at this energy, it is not pos- 
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siblo to draw ai^jr definite conclusions about level structure at this 
energy. 

The rejsults of this investigation dourly indicate the need 
for further wrk at both lower bombardiaent onorgios and at other 
anglGa of oboorvation. If sufficient angular distribution data 
wore tfOcon in the presently investigated range of oxottation, the 
integrated cross section for 0^^(d,d)0^^ ciight reveal single lavols 
that could then be compared with the reaction excite- 

tion functions, which should also be integrated ever all angles of 
obserratioii. At lower excitatioii caisrgice, the work of Heydenburg 
and Inglis (HI) and Stratton et aX (SI) is available on Uie excita- 
tion function 0^^(d,p)0^^ where the ground-state protons in the 
above reaction siiow compound nucleus efieots (Al)» Further work 
at lower excitation energies in where levels could be expected 
to bo isolated woxild probably bo the more desii'able alternative and 
facilitate isobaric spin assigrwsnts to the levels. 

Figure 7 is drawn with the (d,a) and (d,d) results super- 
imposed for the overlapping regiono of excitation in The 

resonance ertinicturo is seen to show definite correlation. 
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155.306 




599 ii*3 


li56.220 




633 + 30 


I457.I35 


5ocx).oo 


612 + 25 


1^53.019 




677 +9 


It58.la5 




721* ♦ 27 


U56.963 
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SCffl>iALIZED AVEHAOE DATA AT 9CP GPEC11iXr.AHi A’XiLE 
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Co\ints per 
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1x92.791 
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I493.277 
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* 23 


^.105 
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503.762 
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511.077 


257 + 16 


511.991 
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512.905 
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mm 


513.819 
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Notei TliGso counts isjust be adjusted 


ruch that at (Bp) - h77,2$f the 



ratio of yields is 0.173 » Yield (90®)/ficld (130°) for proper center- 
of-mss ratios and 0,210 for tho proper laboratory syotcjn ratio. In 
th® cent63>cf»r.ass systosi, l?ii counts «» 1 laillibam/steradian. 












ii •‘H, 






•to j <* 

•»s* 

*• I •» 

I u • n 

UC • 14^ 

I 

•< 

ac 

M 3 4* 

Ml-. • 

L* • ^ 






jr»46i 



«x>\ai 



9« <H0ll «»l* »4| t m *^m ina^* • 



«• 



I 



•37- 



A-^KiriDrs II 



/^XPUTAriOn’ CF DL‘lT£r?':FI COBl’AXI?lA?IO.'I KOISCUL. P hlT' UljM 



(From data of nucloar track plate ^k>, lii95o) 
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2 . ^^;6.2&3 .tov, 13 b“) 3^^ -fp(2.59 .V-v, !!l f?i£ 
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ticn of the raiolecular hydrogen beam. 



li. The yield of dauteit^ns frcn contarrJjjation of the H2'*’ bean Is 
(58 - 77,3 for kO pc. 
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2,0325 is the ratio of (deatcrcnj yields at the 



two cnergxea involved 
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